1. Introduction {#sec0005}
===============

Viruses are obligate intracellular parasites that strictly rely on host cells to translate and amplify their genomes \[[@bib0005], [@bib0010], [@bib0015]\]. Viral RNAs (vRNAs) play a central role during infection as they bear all the necessary information for a virus to express its proteins, replicate and spread. Unlike DNA viruses where the messenger RNA must be first transcribed for the synthesis of viral proteins, RNA viruses use their RNA molecules both for protein synthesis and as replication templates. Viruses encode an array of vRNA-binding proteins (vRBPs), essential for different steps in the viral lifecycle, comprising translation, synthesis, packaging of the viral genome and cell-to-cell spread. Importantly, vRNA is never really naked in the cellular milieu. Apart from its interactions with vRBPs, it has evolved to co-opt specific sets of host encoded RBPs. This is illustrated by the variety of described strategies that vRNAs use to hijack key cellular machineries and evade the host's defense arsenal. Unlike vRBPs that promote infection, host encoded RBPs can either have pro- or antiviral functions. Indeed, a large body of work produced during the last decades describe the involvement of host encoded RBPs in almost every known stage of vRNA lifecycle.

Certain host RBPs, ordinarily functioning in cellular tasks, are repurposed by vRNAs to guide them through the viral lifecycle, including genome translation, synthesis, modification, localization and packaging. On the other hand, many host RBPs have evolved dedicated antiviral functions, ranging from the recognition of the invading vRNA to the restriction of viral replication. The ability of vRNA to either subvert or get antagonized by cellular RBPs determine the outcome of a viral infection. Indeed, vRNA-RBPs interactions could dictate the permissiveness of certain cell types to infection, host range, tissue tropism, viral evolution, efficiency of viral replication, pathology of infection and immune clearance \[[@bib0020]\]. vRNAs interact with numerous and very diverse RBPs during infection. This is illustrated by the rich literature on the subject that has yielded many discoveries in the last decades. For example, the study of intimate vRNA-RBP interactions shaped our understanding of how RNA interference (RNAi) functions as the main antiviral defense system in plants and invertebrates, and how bacteria defend themselves against invading phages through the CRISPR system \[[@bib0025],[@bib0030]\].

Herein, we review the mechanisms at play when RNA viruses infect their animal hosts, taking a vRNA-centric view. Focusing on viruses that are important human pathogens, we will describe how cellular RBPs act on early steps after viral entry, driving mechanisms of vRNA recognition, degradation and modification to limit or to promote viral replication and spread. We will further describe a number of crucial mechanisms during which vRNA hijacks the ribosome to preferentially translate the viral program. Finally, we will reflect on how new emerging techniques are allowing to get a better grasp on the diversity of host RBPs-vRNA interactions. Elucidating the mechanisms by which RBP-vRNA interactions influence viral infection, is advancing our understanding of cell biology by revealing unforeseen biological knowledge and may also provide new targets for host-directed antiviral therapies \[[@bib0035]\]. Indeed, recent Corona, Ebola and Zika virus outbreaks remind us that new innovative antiviral approaches are clearly needed, particularly for emerging RNA viruses with important epidemic potential \[[@bib0040], [@bib0045], [@bib0050]\].

2. Detection and elimination of vRNA {#sec0010}
====================================

Despite the fact that the molecular composition of RNA is universal throughout life kingdoms, host immune pathways are able to differentiate and recognize non-self nucleic acids based on specific features, structures and modifications. Moreover, despite the molecular mimicry set by RNA viruses to resemble cellular mRNAs and escape host recognition, the viral nucleic acid still needs to embark on a long journey through a hostile cell environment and must overcome the obstacles put in place by the host antiviral system in order to be translated and replicated.

2.1. Recognition of vRNA structure by host sensors {#sec0015}
--------------------------------------------------

Cellular innate immunity comprises a rather sophisticated set of host factors that discriminate molecular alterations with a high specificity and restrict RNA virus infection through direct or indirect activity on the vRNA. In vertebrate animals, a variety of cellular sensors have evolved to detect foreign RNA sensing to activate the innate immune response, which involves transcriptional and post-transcriptional activation of genes of interferon-stimulated genes (ISGs). Pattern recognition receptors (PRRs) are host-encoded proteins that sense molecular features of vRNA molecules which are generally absent in the majority of cellular RNAs. Multiple molecular receptors are involved in the recognition of these so-called pathogen-associated molecular patterns (PAMPs) \[[@bib0055],[@bib0060]\]. A major molecular signature and weakness of all RNA viruses is the long double stranded (ds) RNA molecules that are generated during replication. The sensing of dsRNA is believed to be sequence-independent and rather depends on the distinct molecular features of the viral dsRNA structure mostly absent in uninfected host transcriptome \[[@bib0065]\].

Among the first cellular proteins that detect the invading virus are the Toll-like receptors (TLRs) ([Fig. 1](#fig0005){ref-type="fig"} ), which are transmembrane glycoproteins that are constitutively expressed or pathogen-induced, located on the plasma membrane or intracellular endosomes which are preferential entry routes for vRNAs (reviewed in \[[@bib0070],[@bib0075]\]). TLRs share strong similarities in their structures and organization. Their N-terminal region recognizes ligands thanks to its extracellular or luminal domains and is connected to the C-terminal cytoplasmic domains (CTDs) by a single membrane-spanning domain. Among the 10 TLRs identified in humans so far, TLR7 and TLR8 recognize ssRNAs and TLR3 recognizes dsRNAs \[[@bib0060],[@bib0080],[@bib0085]\]. In TLR3, the N-terminal region recognizes the ligand, dsRNA, in the lumen of endosomes whereas the C-terminal signalling domain resides in the cytoplasm, and upon ligand recognition, TLR3 initiates the signalling process that culminates in transcriptional induction of specific immune genes. TLR3 was believed to be a major sentinel against viral infections since it responds to a common by-product of viral replication **(** [Table 1](#tbl0005){ref-type="table"} ). For instance, encephalomyocarditis virus (EMCV) infection leads to a TLR3-dependent innate stress response, which is involved in mediating protection against virus-induced myocardial injury \[[@bib0090]\]. Similarly, TLR3 recognizes dengue virus (DENV), limiting its replication \[[@bib0095]\], while Zika virus (ZIKV)-mediated TLR3 activation was shown to deplete neural progenitor cells \[[@bib0100]\]. Indeed, the protective versus pathogenic role of TLR3 in viral pathogenesis is debated \[[@bib0105]\].Fig. 1**Detection, Modification and Degradation of vRNA by Cellular RBPs.**The figure depicts different vRNA structures recognized by host RBPs. vRNA is sensed by different families of receptors (e.g. RLRs, TLRs, PKR). vRNA is edited by ADARs and methylated by host METTL proteins (m^6^A) or viral methyl transferases (2′-O-me). vRNA can also be degraded by 5′-3′ or 3′-5′ exonucleases (e.g. XRN1 and RNA exosome respectively) or by endonucleases (e.g. Dicer).Fig. 1Table 1Sensor RBPs involved in host responses to RNA viruses.Table 1Host RBPsRecognized structureMolecular functionEffect on viral infectionExamples of virusReferencesSENSORSRIG-Itriphosphate (PPP) or diphosphate (PP) at the 5′-end of RNA molecules with partial base-pairing to a complementary strandInduction of Type I IFNAntiviralEBOV, NiV,\
NDV, IAV, DENV, ZIKV, SeV, VSV, JEV\[[@bib0135],[@bib0140],[@bib0145],[@bib0150]\]MDA5uninterrupted RNA duplexes longer than a few hundred base pairsInduction of Type I IFNAntiviralEMCV, CVB3, and other picornaviruses;\
DENV, WNV, MHV\[[@bib0140],[@bib0180],[@bib1190],[@bib1195]\]TLR3Long dsRNAInduction antiviral and inflammatory responseAntiviralEMCV, DENV, ZIKV\[[@bib0090],[@bib0095],[@bib0100]\]SENSORS/\
EFFECTORSPKRLong dsRNA\
(\>30bp)Phosphorylation EIF2alpha and inhibition protein synthesisAntiviralVirtually all viruses generating a dsRNA intermediate\[[@bib0220],[@bib0225],[@bib1200]\]OAS and RNaseLLong dsRNAProduction 2′,5′-oligoadenylates/ Degradation viral RNAAntiviralWNV, SINV, HCV\[[@bib0415],[@bib1205]\]DICERLong dsRNAantiviral degradation and immunity mediated by small RNAsAntiviralEMCV, NoV, HEV71, IAV, ZIKV\[[@bib0440],[@bib0455],[@bib0460],[@bib1210]\]ADARLong dsRNAAdenosines to inosines editing;\
Suppression innate immunityAntiviral/\
ProviralVirtually all viruses generating a dsRNA intermediate\[[@bib0505]\]METTL3, METTL14UnknownN6-methyladenosine (m6A) writer;\
Suppression innate immunityProviralHCV, YFV, ZIKV, DENV, WNV, HMPV\[[@bib0530],[@bib0535]\]IFIT15′ triphosphate RNAs and\
non-2′-O methylated capped transcriptsInhibition protein synthesis by out competing the cellular translation initiation factorsAntiviralJEV, WNV, HCoV, VEEV\[[@bib0485],[@bib0580],[@bib0590]\][^1]

Another group of molecular sentinels that senses foreign RNA is represented by the IFN-induced intracellular cytosolic receptors, named Retinoid acid-inducible gene I (RIG-I)-like receptors (RLRs), which comprise DExD/H-box helicases such as RIG-I (or DDX58), melanoma differentiation-associated protein 5 (MDA5 or IFIH1) and laboratory of genetics and physiology 2 (LGP2 or DHX58) \[[@bib0110]\] ([Fig. 1](#fig0005){ref-type="fig"}, [Table 1](#tbl0005){ref-type="table"}). All RLRs possess a central DExD/H-box RNA helicase domain and a CTD which are necessary for detection of foreign RNAs. RIG-I and MDA5 have as well two N-terminal caspase activation and recruitment domains (CARDs), which mediate downstream signal transduction, while LGP2 lacks them. Although RIG-I and MDA5 share similar structural composition, their ability to detect vRNA is not redundant but specific \[[@bib0110]\] ([Table 1](#tbl0005){ref-type="table"}). RIG-I monitors the 5′ ends of RNA molecules via its CTD and helicase domain in order to initiate cytokine production in response to a wide range of viruses. triphosphate (PPP) or diphosphate (PP) at the uncapped 5′-end of RNA molecules with partial base-pairing to a complementary strand of RNA molecules are recognized and required for RIG-I activation \[[@bib0115], [@bib0120], [@bib0125], [@bib0130]\]. The typical structure of the panhandle of negative-strand viral genomes confers full RIG-I ligand activity. RIG-I recognizes many single stranded negative RNA virus families, such as Paramyxoviridae, Rhabdoviridae, Orthomyxoviridae, Bunyaviridae and Filoviridae \[[@bib0135], [@bib0140], [@bib0145]\]. RIG-I also detects some positive-sense RNA viruses such as dengue and Zika viruses of the Flaviviridae family, by recognition of nascent viral genomes containing 5′-PPP groups prior to capping \[[@bib0150]\].

MDA5 senses both RNA length and secondary structure by recognizing uninterrupted RNA duplexes longer than a few hundred base pairs \[[@bib0155]\] and forming filaments around dsRNA to initiate signalling \[[@bib0160]\]. MDA5 is required for immunity against several classes of viruses, including single-stranded positive RNA viruses such as picornaviruses \[[@bib0140],[@bib0165],[@bib0170]\], flaviviruses \[[@bib0175]\] and coronaviruses \[[@bib0180]\] ([Table 1](#tbl0005){ref-type="table"}).

The third RLR family member LGP2 lacks the amino-terminal tandem CARDs and thus lacks signal-transducing activity. Several studies indicate a disparate regulatory role for LGP2 in either triggering or dampening the innate immune signalling pathways following RNA virus infection \[[@bib0185]\]. On one hand, LGP2 can function as a feedback inhibitor of RIG-I by sequestrating double-stranded but not single-stranded RNAs. LGP2 negatively regulates Sendai Virus (SV)-induced IRF-3 or NF-κB signaling acting as a natural inhibitor of antiviral responses, and as a repressor of RIG-I signaling \[[@bib0190]\]. However, LGP2 has a positive effect on MDA5-mediated antiviral response. LGP2-deficient mice exhibited a defect in type I IFN production in response to infection by the encephalomyocarditis virus, the replication of which activates MDA5-dependent innate immune response \[[@bib0195]\]. Moreover, a recent study indicated that LGP2 can inhibit antiviral RNAi in mammals by competing with and preventing Dicer-mediated processing of dsRNAs into siRNAs both in vitro and in cells \[[@bib0200]\].

Interestingly, other DExD/H-box helicases, such as DDX17, DDX21, DDX6 or DDX56, are also emerging as important sentinels that influence viral sensing in multiple ways. These helicases have been shown to bind vRNAs, acting either as antiviral effectors or contributing to viral replication \[[@bib0205]\].

The presence and replication of viral nucleic acids in vertebrate cells can also induce the activation of other antiviral enzymes that are both sensors and effectors **(** [Table 1](#tbl0005){ref-type="table"} **)**. These also recognize viral signatures; however, their main function is not necessarily to only induce a transcriptional immune response, but rather to directly attack vRNA by degrading it or inhibiting its translation. For this reason, these are not usually referred to as receptors \[[@bib0060],[@bib0210],[@bib0215]\]. Among them, double-stranded RNA (dsRNA) activated protein kinase R (PKR; also known as eIF2AK2) or adenosine deaminase and 2′-5′-oligoadenylate synthetase class of enzymes (OASs), can bind dsRNA in a sequence independent manner, recognizing the structure as a PRR ([Fig. 1](#fig0005){ref-type="fig"}, [Table 1](#tbl0005){ref-type="table"}) [@bib0215]\].

First, PKR is a serine-threonine kinase constitutively expressed in all tissues at a basal level as an inactive monomer. Viral dsRNA binding to the two N-terminal RNA binding motifs induces a conformational change that allows ATP binding to the C-terminal kinase domain. PKR can be activated by dsRNA from reoviruses \[[@bib0220]\] but can also recognize dsRNA from replication intermediates of + RNA viruses \[[@bib0225]\]\] ([Table 1](#tbl0005){ref-type="table"}). Moreover, it has been shown that highly structured RNA elements from retroviruses such as human immunodeficiency virus (HIV) transactivation-response region (TAR) RNA hairpins \[[@bib0230]\] or dsRNA formed by the antiparallel mRNA transcripts of some DNA viruses can also activate PKR \[[@bib0235]\]. Upon dsRNA binding PKR dimerizes and auto- phosphorylates threonine residues in its activation domains, thereby stabilizing the dimers and increasing kinase activity \[[@bib0240]\]. This in turn leads to a series of events that inhibit viral translation and replication, as will be detailed later on in this review. Interestingly, PKR is an interferon stimulated gene (ISG) itself and its transcription can be up-regulated upon type I interferon production by virus-infected cells, stimulating its accumulation in neighboring cells. PKR activation following infection of interferon-primed neighboring cells inhibits global protein synthesis and reduces viral spread, making this activation a key player in the innate response to viruses \[[@bib0245]\]. Therefore, PKR can be considered a major molecular sentinel of antiviral innate immunity, recognizing a diverse set of stress-inducing stimuli and mounting an appropriate antiviral state amongst which inhibition of translation initiation. Given its importance in antiviral defense, it is not surprising to note that viruses have evolved countermeasures against PKR activation. For example, some DNA viruses such as Adenoviruses or Epstein-Barr virus encode small RNA decoys (e.g. VA RNA or EBV EBERs) that can bind PKR but do not activate it. RNA elements present in RNA viruses such as hepatitis C virus (HCV) IRES or HIV-1 TAR-*cis* elements have also been shown to act as PKR pseudosubstrates \[[@bib0250], [@bib0255], [@bib0260]\]. Other viruses inhibit PKR function by directly targeting it for degradation. For instance, Rift Valley Fever Virus (RVFV) Non-structural S (NSs) protein recruits the E3 ligase SCF (SKP1-CUL-F-box) (FBXW11) to PKR and promotes its early degradation through the proteasome \[[@bib0265]\] ([Fig. 3](#fig0015){ref-type="fig"}).

The second known class of dsRNA sensors and effectors is represented by the 2′,5′-oligoadenylate synthetases (OASes) ([Fig. 1](#fig0005){ref-type="fig"}, [Table 1](#tbl0005){ref-type="table"}), which also act as PRRs for the detection of many RNA viruses \[[@bib0270]\]. The four human OAS genes, OAS1, OAS2, OAS3 and OASL (OAS-like), are constitutively expressed at low levels in the cytoplasm and are activated in response to viral dsRNA. As an example, OAS1 protein accumulates in the cytoplasm as an inactive monomer \[[@bib0275]\] and following activation by viral dsRNA, it forms a tetramer that synthesizes 2′,5′- oligoadenylates (2-5 As). These 2-5As activate the ribonuclease L (RNaseL) to cleave cellular and viral RNAs and supress viral replication (see below). Overall, the functional redundancy, provided by multiple host proteins that recognize different features of vRNAs, is a successful strategy for the host to fight and contain the infection \[[@bib0280]\]. Similar to PKR, the OAS-RNaseL axis can be antagonized by some RNA viruses. For example, certain Corona and Rotaviruses encode proteins belonging to the phosphodiesterase family, able to cleave 2--5 A molecules, thereby preventing activation of RNaseL \[[@bib0285]\].

2.2. Antiviral RNA degradation by host ribonucleases {#sec0020}
----------------------------------------------------

In concert with innate immune sensors linked to IFN activation, mammalian cells can also depend on intrinsic factors that participate in the direct antiviral response to non-self nucleic acids. Accumulating evidence suggests that the cellular RNA surveillance pathway restricts viral infection by modulating vRNA stability \[[@bib0290]\]. The presence of specific molecular features on the vRNA and the binding of trans-acting antiviral host RBPs can drive vRNA through the host mRNA quality control pathways ([Fig. 1](#fig0005){ref-type="fig"}). For instance, in mammalian cells, the non-sense mediated decay (NMD) pathway has recently been shown to function in the restriction of positive-sense (+) RNA viruses such as alphaviruses in mammalian cells \[[@bib0295]\]. In fact, alphavirus RNA genome resembles cellular mRNAs and is translated into non-structural viral proteins (nsPs) but has an untranslated 3′ UTR, much longer than typical cellular mRNAs, which is detected and degraded by the NMD pathway \[[@bib0295]\]. The 5′ to 3′ RNA decay machinery can also directly target vRNA for degradation in the cytoplasm. In this pathway, the monomethyl guanosine (m7G) cap structure is cleaved from mRNAs by decapping enzymes exposing the 5′ monophosphorylated product to progressive 5′→3′ exoribonucleolytic degradation by Xrn1. The Hepatitis C virus (HCV) genomic RNA, which lacks a 5′ cap and is therefore susceptible to Xrn-1 mediated decay, uses an unusual mechanism to overcome this pathway \[[@bib0300]\]. Binding of the liver-abundant miR-122 to the 5′UTR of HCV in association with Argonaute-2 (Ago2) protein stabilizes the vRNA and slows Xrn1 decay of the viral genome in infected cells \[[@bib0300],[@bib0305]\] ([Fig. 1](#fig0005){ref-type="fig"}). Other *Flaviviridae* are able to take advantage of their susceptibility to Xrn-1 mediated vRNA decay. Dengue, West Nile, Yellow fever or Zika vRNAs contain a highly structured 300--700 bp-long non-coding RNA in their 3′end. An incomplete 5′-3′ degradation of the viral genome by the cellular XRN1 exonuclease produces the so called small flaviviral RNA (sfRNA). During RNA degradation, XRN1 is stalled at the 3′UTR extremity of flaviviral vRNAs, more precisely at stem-loops/pseudoknots, causing the accumulation of different species of sfRNA. Although, sfRNA does not seem to have a direct role in viral replication *per se,* it contributes to viral pathogenicity *in vivo* partly by interfering or evading innate immune responses, by sequestering cellular RBPs and inhibiting their endogenous functions \[[@bib0310], [@bib0315], [@bib0320], [@bib0325], [@bib0330], [@bib0335], [@bib0340], [@bib0345], [@bib0350]\]. Interestingly, sfRNA seems to function in a species-specific manner. While it facilitates replication and pathogenesis by inhibiting IFN-signalling in mammalian hosts, a recent report shows that ZIKV sfRNA possess an anti-apoptotic function that helps the virus to disseminate and reach saliva in mosquito hosts, thus promoting productive infection and transmission \[[@bib0355]\]. It has also been proposed that sfRNA could be a suppressor of RNAi \[[@bib0360]\].

In the 3′ decay pathway, deadenylated mRNA degradation is mediated by a cytoplasmic multisubunit 3′-to-5′ exoribonuclease complex, namely the RNA exosome ([Fig. 1](#fig0005){ref-type="fig"}). This degradation pathway is emerging as a crucial effector for recognition and degradation of specific vRNAs \[[@bib0365]\]. The exosome interacts with a variety of RBPs, some of which are exported to the cytoplasm in response to viral infection and serve as adaptors to specifically target particular RNAs. Several antiviral RBPs have been found to interact with the exosome, suggesting that their mechanism of action may involve exosomal degradation. For instance, the conserved RNA helicase DDX17 translocates from the nucleus to the cytoplasm upon Rift Valley Fever Virus (RVFV) infection, binds a specific stem-loop structure in the vRNA and recruits the exosome to degrade the vRNA \[[@bib0370]\]. Another example, is the zinc-finger antiviral protein (ZAP), which binds vRNAs containing a ZAP response element (ZRE) and induces RNA degradation *via* interaction of its N-terminal domain with host decay machinery mediated \[[@bib0375]\] ([Fig. 1](#fig0005){ref-type="fig"}). ZAP is constitutively expressed in many cell types and it is induced upon pathogen-sensing and in response to interferon. ZAP exhibits broad antiviral activity against a broad spectrum of viruses, such as alphaviruses, enteroviruses, filoviruses, influenza and porcine reproductive and respiratory virus \[[@bib0210]\] but also retroviruses \[[@bib0380]\]. For instance, ZAP binds regions of HIV-1 viral RNA containing CpGs and induce degradation of viral RNAs via interaction with the essential cellular cofactor KHNYN \[[@bib0385]\]. Moreover, ZAP antiviral activity has been linked to its subcellular localization in stress granules, which are induced upon infection by sindbis virus (SINV) for example \[[@bib0390]\]. Interestingly, TRIM25, an E3 ubiquitin ligase with no previous known role in RNA binding is emerging as a regulator of many antiviral factors, including ZAP \[[@bib0395],[@bib0400]\].

Other ribonucleases can exhibit broad-spectrum antiviral effects through viral RNA binding and degradation. The ribonuclease MCPIP1 is involved in the suppression of Japanese encephalitis virus (JEV) and DENV, but also other positive-sense RNA viruses, such as SINV, HCV and EMCV, and negative-sense RNA virus, such as influenza virus \[[@bib0405],[@bib0410]\].

Finally, two conserved endoribonucleases have been shown to play a major antiviral role in different animal species, namely RNase L and Dicer ([Fig. 1](#fig0005){ref-type="fig"}, [Table 1](#tbl0005){ref-type="table"}). RNase L is composed of three major domains: an N-terminal regulatory ankyrin repeat domain (ARD), a protein kinase (PK)-like domain, and a C-terminal ribonuclease domain (RNASE). In the absence of 2--5 A, the ARD represses the RNASE domain. Binding of 2-5As, generated by OASes, to the ARD alters the conformation of RNase L, thereby exposing protein--protein interaction domains and releasing the RNASE domain from internal inhibitory sequence, triggering its dimerization and activation. RNase L cleaves single-stranded RNAs at the UU/UA dinucleotides, which are relatively rare in the coding regions of cellular mRNAs compared to viral RNAs \[[@bib0275]\]. In the case of HCV infection, RNase L degradation of vRNA produces small RNA cleavage products with 3′-monophosphate (3′-p) and 5′-hydroxyl (5′-OH) at their termini, which fold back into potent PAMPs recognized by RIG-I, amplifying the innate immune responses \[[@bib0415]\]. Interestingly, some HCV genotypes escape RNaseL cleavage by accumulating silent mutations at UA and UU dinucleotides, which are preferentially targeted by the nuclease \[[@bib0420]\].

The RNase III endoribonuclease Dicer is active against different RNA viruses in both vertebrate and invertebrate animals ([Table 1](#tbl0005){ref-type="table"}) \[[@bib0030],[@bib0425], [@bib0430], [@bib0435], [@bib0440], [@bib0445]\]. RNA interference (RNAi) is a primordial form of antiviral immunity mediated by small RNAs and is the major immune defence in insects, plants and nematodes species \[[@bib0060],[@bib0450]\]. In the antiviral RNAi pathway, Dicer is able to bind and cleave viral dsRNAs into ∼21 nt-long small interfering RNAs (siRNAs). The siRNAs are subsequently loaded into the Argonaute-containing RNA Induced Silencing Complex (RISC) and program RISC to target vRNA in a sequence-specific manner, inducing vRNA degradation or translational arrest. Although evidence of Dicer activity against certain RNA viruses have been reported in undifferentiated mouse stem cells \[[@bib0440]\], and in some other specific context \[[@bib0455],[@bib0460]\], the physiological antiviral role of RNAi and its interplay with the interferon response in vertebrate animals is still an area of active debate \[[@bib0465], [@bib0470], [@bib0475]\].

3. Hide and seek: modifications on vRNA to trick the infected cell {#sec0025}
==================================================================

In recent years, it has been revealed that the RNA code is much more complex than the primary RNA sequence. In particular, covalent RNA base and sugar modifications recently emerged as an additional layer in the regulation of gene expression. Such modifications can change the RNA structure and its interaction with other RNAs or proteins, thereby regulating important steps in RNA metabolism including splicing, RNA stability and translation. These RNA modifications are also utilized by host cells as a way to distinguish self-RNAs from vRNAs \[[@bib0480], [@bib0485], [@bib0490]\]. It is therefore not surprising that viruses evolved strategies to modify their own genomes and transcripts or hijack dedicated cellular enzymes responsible for these modifications. Here we briefly describe three RNA modifications known to be present on vRNAs (Adenosine-to-Inosine editing, *N* ^6^-Methyladenosine (m^6^A) and 2′-*O*-methylation) \[[@bib0440], [@bib0445], [@bib0450]\]. We expect that other RNA modifications may have the ability to also influence vRNA stability, translation and immune potential.

3.1. Adenosine -to-Inosine editing {#sec0030}
----------------------------------

Deamination of adenosines to inosines (A-to-I editing) is a covalent RNA modification occurring on dsRNA structures, by the adenosine deaminase acting on RNA (ADAR) enzymes ([Fig. 1](#fig0005){ref-type="fig"}, [Table 1](#tbl0005){ref-type="table"}). Among the three mammalian ADARs, ADAR1 is expressed in its constitutive nuclear form ADAR1p110 and the IFN-inducible cytoplasmic one, ADAR1p150. Both enzymes consist of a C-terminal deaminase domain, three consecutive dsRNA binding motifs and one or two copies of N-terminal Z-DNA binding domains \[[@bib0495]\]. The consequence of the RNA modification by ADAR1 is two-fold: first, if editing takes place in coding sequences, inosines will be misinterpreted by the translation machinery and will be read as guanosines. Second, A-to-I conversion have the capacity to destabilize dsRNA structures by changing the Watson-Crick base pairing and impairing recognition by cytoplasmic antiviral receptors, such as RLRs, PKR and OAS1. For these reasons, ADAR proteins play a pivotal role in masking self RNAs against innate immune detection by selective labelling \[[@bib0500]\].

Given the opposite effects of ADAR1 and antiviral sensors in the control of innate immune responses to endogenous duplex RNA, the A-to-I editing contribution in antiviral defence remains unclear. A bias toward A-to-G mutations dependent on ADAR has been described for a wide range of viruses \[[@bib0505]\]. This could potentially lead to the synthesis of dysfunctional viral proteins and destabilize key RNA structures such as dsRNA replication intermediates. Although several studies have reported high A-to-I editing levels indicative of a potential mutagenic and antiviral effect, ADAR activity seems to be rather proviral due to its dampening effects on the innate immune system \[[@bib0505]\]. One clear example where ADAR plays a proviral role is the case of Hepatitis D virus (HDV). HDV contains only one ORF responsible of expressing the HDV Delta antigen (HDAg), essential for HDV replication and spread. Two forms of HDAg are expressed: a short form S-HDAg and one that is 19 amino acid longer (L-HDag). HDV needs both to be expressed in order to replicate and spread and this depends on ADAR1. In fact, ADAR1 recognizes a specific structure on the rod-like RNA of HDV antigenomic RNA and converts adenosine to inosine. Replication of this mutated RNA leads to the substitution of guanosine in its genome, specifically leading to the replacement of an amber codon (UAG) for the small Delta antigen by a tryptophan codon (UGG) which produces a protein that is 19 amino acid longer. The synthesis of this longer protein is crucial for HDV spread, therefore ADAR1 is a proviral host RBP essential for HDV infection \[[@bib0510]\].

3.2. m6A-methylation {#sec0035}
--------------------

In mammalian cells, *N* ^6^-methyladenosine (m^6^A) is the most prevalent and dynamically modulated internal mRNA modification. Such a modification is reversible via the activity of two key enzyme classes: methyltransferases or "writers" (e.g. Methyltransferase Like 3 (METTL3) and 14 (METTL14)) and demethylases or "erasers" (e.g. (FTO) and ALKBH5) ([Fig. 1](#fig0005){ref-type="fig"}, [Table 1](#tbl0005){ref-type="table"}). The m^6^A writers and erasers can alter the cellular RNA fate by destabilizing local RNA structures or by affecting protein binding to modulate host RNA stability or translation efficiency. In particular, the m^6^A readers such as YTH domain-containing family proteins (YTHDF1--YTHDF3) play crucial roles \[[@bib0515]\]. Recent reports show that m^6^A could be a regulator of the immune system, playing a role in the discrimination between endogenous and exogenous RNAs \[[@bib0520]\]. Indeed, several studies have identified m^6^A modifications on a variety of vRNAs and this enhances global viral gene expression by increasing RNA stability and translation \[[@bib0480],[@bib0525]\]. Interestingly, mapping of m^6^A on the RNA genomes of *Flaviviridae*, including dengue, Zika, yellow fever, and West Nile virus, identified conserved regions modified by m \[[@bib0030]\]A, suggesting that this modification is a conserved regulatory mark across *Flaviviridae* genomes \[[@bib0530]\]. Another case where m^6^A appears to function in innate immune discrimination between self and non-self RNAs is given by the human metapneumovirus (HMPV) \[[@bib0535]\]. m^6^A methylation of vRNA promotes HMPV replication and gene expression. In the absence of m^6^A residues on the vRNA, viral infection is compromised due to a RIG-I-dependent increase of type I interferon \[[@bib0535],[@bib0540]\]. This notion is reinforced by the recent report of the effect of the loss of the m^6^A writer METTL3 in the mouse hematopoietic system. Indeed, METTL3 knock-out results in the upregulation of MDA5-RIG-I, PKR and OAS-RNase L pathways due to the aberrant accumulation of endogenous dsRNA \[[@bib0545]\]. Therefore, m6A modification appears to prevent formation of certain dsRNA, so it would be interesting in future work to check whether this has implications during viral infection.

3.3. 2′*O*-methylation {#sec0040}
----------------------

The 2′*O*- methylation (2′*O*-me) modification is a highly abundant chemical modification found in the RNA of virtually all eukaryotic species, whereby a methyl group is added to the 2′-OH of the ribose ring by cellular 2′-*O*-methyltransferases (2′O-MTase) ([Fig. 1](#fig0005){ref-type="fig"}). 2′*O*-me is enriched in the first and second transcribed nucleotides next to the N7 methylated 5′ cap structure of higher eukaryote mRNAs. While N-7-methylation is important for stability and translation of the mRNA, the 2′- *O*-methylation has been shown to antagonize the innate immune response by allowing endogenous mRNAs to escape recognition by immune sensors \[[@bib0485],[@bib0550]\]. Notably, 2′-*O*-me of the first (cap 1) and often the second (cap 2) nucleotide abolishes interaction of host mRNAs with RIG-I and MDA5 \[[@bib0485]\]. The functional importance of 5′-structures and modifications in mRNAs is supported by the fact that many cytoplasmic RNA viruses (including picornaviruses, flaviviruses and coronaviruses) have evolved alternative 5′ elements. These include small viral proteins linked to the 5′ end of genomic RNA, or encode functions associated with the formation of a 5′ cap that are homologous to those found in eukaryotic cells. Many viruses have evolved mechanisms to generate their own cap structures with methyl ribose in 2′-*O* position in addition to the one at the N7 position of the capped guanine to evade innate immune recognition. For instance, the coronavirus 2′-*O*-methyltransferase activity associated with the highly conserved viral nonstructural protein 16 (nsp16) is necessary to inhibit MDA5 recognition of vRNA and activation of IFN pathway \[[@bib0555]\]. 2′-*O* methylation of the 5′ cap of vRNA also subverts mammalian antiviral responses by evading restriction by interferon-induced proteins with tetratricopeptide repeats (IFITs). IFITs are cytoplasmic antiviral proteins which differ in specificity against RNA structures. Among them, IFIT1 binds 5′PPP RNAs \[[@bib0560]\] and non-2′-*O* methylated viral capped transcripts \[[@bib0565],[@bib0570]\] to inhibit their translation by out-competing the cellular translation initiation apparatus \[[@bib0575]\] ([Table 1](#tbl0005){ref-type="table"}). Members of the flaviviruses and coronaviruses are able to evade IFIT1 sensing by adding a 2′*O*-methyl cap structure to their own mRNA via viral proteins \[[@bib0580],[@bib0585]\]. Interestingly, alphaviruses whose genomic RNA has a 5′ cap lacking 2′-*O* methylation can avoid IFIT1 immune restriction and efficiently replicate thanks to a secondary structure within their 5′ untranslated region (UTR) which alters IFIT1 binding and function \[[@bib0590]\].

4. The Translation battlefield {#sec0045}
==============================

Once it has managed to escape host cell sensing and degradation pathways, vRNA must compete with endogenous mRNAs for accessing the same protein synthesis machinery. RNA viruses have evolved several mechanisms to bypass the highly regulated translation cycle, particularly at the initiation phase and most of these mechanisms rely on peculiar vRNA-host RBPs interactions. Importantly, changes in abundance, modification and activity of translation factors could regulate both vRNA and host mRNA translation \[[@bib0250]\]. Therefore, RNA viruses often employ strategies that favor the selective translation of their genomes. They can accomplish that by targeting, modifying or cleaving host translation factors and/or by usurping the identity of endogenous mRNAs to have a privileged access to the ribosome \[[@bib0595]\].

4.1. Cellular translation: the basics {#sec0050}
-------------------------------------

Canonical cellular mRNAs are capped at their 5′end co-transcriptionally. The cap structure, consisting of a 7‑methylguanosine (m^7^G) linked to the 5′ nucleoside of the mRNA chain through a 5′--5′ triphosphate bridge, is crucial for mRNA stability and translatability. Specifically, the cap protects mRNA from 5′-3′ exonucleases and ensures recognition by the cap-binding complex eukaryotic translation initiation factors (eIF4F) \[[@bib0600]\] ([Fig. 2](#fig0010){ref-type="fig"} ). Interestingly, vRNA caps can be stolen ("cap-snatching") from cellular mRNAs or synthesized using either a host- or virus-encoded capping apparatus, and these capping assemblies exhibit a wide diversity in organization, structure and mechanism \[[@bib0605]\].Fig. 2**Cap v/s IRES-dependent Translation Initiation.** Upper panel: The figure depicts Cap-dependent translation initiation mechanism. Capped RNA is recognized by EIF4F complex recruiting the 43S complex to the 5′UTR of mRNA. This is followed by scanning until a Start codon in encountered, followed by the formation of 80S ribosomes before elongation. Lower panel: Depicted are different modes of IRES-dependent translation (I, II, III and IV). Note the minimal requirement for initiation factors depending on IRES class.Fig. 2

Recognition of the cap by the eIF4F subunit eIF4E is thought to prepare mRNAs for recruitment of the 43S complex containing multiple eIFs, the initiator methionine tRNA (Met-tRNA~i~ ^Met^) as a ternary complex with eIF2 and GTP (eIF2-TC), and the small 40S ribosomal subunit ([Fig. 2](#fig0010){ref-type="fig"}). The polyadenylated 3′ mRNA end is recognized by a poly(A)-binding protein (PABP), which is bridged to the 5′ end via PABP interactions with the eIF4G subunit of eIF4F end. The assembled 43S complex scans the 5′UTR of the mRNA to locate the initiator start codon (AUG) ([Fig. 2](#fig0010){ref-type="fig"}). After AUG recognition ribosomal 60S subunits joining trigger eIFs release to form the 80S ribosome where elongation can proceed for synthesis of the polypeptide chain.

Translation is one of the most energy-expensive processes in the cell and is therefore tightly regulated. Cells rapidly reprogram gene expression when subjected to stress to conserve energy and minimize damage \[[@bib0610]\]. The arrest of bulk protein synthesis is a classical reaction cells employ during viral infection and it is often characterized by a specific inhibition of translation initiation. In the never-ending arms-race, many viruses have however evolved mechanisms to overcome the cellular stress they induce.

4.2. Cellular translation shutoff during viral infection {#sec0055}
--------------------------------------------------------

Generally, translation initiation is inhibited either by the disruption of the formation of the eIF4F complex or by the inhibition of eIF2-TC recycling \[[@bib0610]\] ([Fig. 3](#fig0015){ref-type="fig"} ). One major cellular regulator of eIF4F complex formation is the Mechanistic Target of Rapamycin (mTOR) pathway and will not be discussed here \[[@bib0610], [@bib0615], [@bib0620]\]. The second major mechanism that causes translational arrest is the disruption of eIF2-TC recycling, caused by phosphorylation of the α subunit of eIF2. Mammalian cells encode four known eIF2α kinases among which PKR ([Table 1](#tbl0005){ref-type="table"}) (see above). The other three eIF2α kinases: Haeme-regulated inhibitor (HRI), general control non-derepressible protein 2 (GCN2) and PKR-like endoplasmic reticulum (ER) kinase (PERK), respond to various cellular stresses including heat shock, amino acid deprivation, and ER stress \[[@bib0610]\] ([Fig. 3](#fig0015){ref-type="fig"}). These cellular stress states can be indirect indicators of viral infections. For instance, flaviviruses like dengue and Zika viruses, which replicate in close association to ER-membranes, induce ER stress that results in PERK activation and eIF2α phosphorylation early during viral infection \[[@bib0625],[@bib0630]\] ([Fig. 3](#fig0015){ref-type="fig"}). In some cases, GCN2 can also be activated by vRNA to arrest translation. For example, GCN2 can recognize two regions of Sindbis virus (SINV) genomic RNA and inhibit vRNA replication by blocking early viral translation. Strikingly, mice lacking GCN2 are extremely susceptible to intranasal SINV infections, demonstrating high virus titers in the brain compared to similarly infected control animals \[[@bib0635]\]. Alphaviruses like SINV take advantage of eIF2 inactivation and can be totally insensitive to translational arrest by eIF2 phosphorylation. Subgenomic mRNAs of SINV and another alphavirus, Semliki Forest Virus (SFV), initiate translation in the presence of high levels of phosphorylated eIF2α, utilizing a highly stable RNA hairpin loop downstream of the AUG initiator codon that stalls the ribosomes on the correct site to initiate translation of their mRNAs, thus bypassing the requirement for a functional eIF2 \[[@bib0640]\].Fig. 3**Cellular translation initiation arrest upon viral infection.** The figure depicts different modes of translation initiation arrest caused by viral infection. In green, viral proteins or RNA structures that influence translation initiation are listed.These can either act on endogenous mRNAs, eIF4F, eIF2, eIF3 or the ribosomal subunits. In red are listed the four known cellular eIF2alpha kinases: GCN2, HRI, PERK and PKR.Fig. 3

As mentioned earlier, dsRNA is detected by and activates PKR for the rapid inhibition of translation initiation \[[@bib0645]\]. Following activation by dsRNA binding, dimeriziation and auto-phosphorylation, PKR phosphorylates eIF2α which locks it onto its guanine nucleotide exchange factor eIF2B, thereby preventing the regeneration of the eIF2-TC that is critical for canonical translation initiation \[[@bib0610]\] ([Fig. 3](#fig0015){ref-type="fig"}). Although initially identified because of its ability to regulate translation in response to dsRNA, PKR can also be activated by other cellular stresses such as oxidative stress, cytokines or following the stimulation of TLRs \[[@bib0650],[@bib0655]\]. Furthermore, upon activation, PKR not only inhibits translation initiation, but also modulates a plethora of different signal transduction pathways, including the activation of p38 mitogen-activated protein kinase (MAPK), c-Jun N-terminal kinase (JNK), signal transducer and activator of transcription 1 and 3 (STAT1 and 3) and the tumor suppressor p53 \[[@bib0660]\]. PKR can indirectly activate the nuclear factor κB (NFκB), which has among other functions an important role in type I IFN induction \[[@bib0660]\].

4.3. Selective vRNA translation during infection {#sec0060}
------------------------------------------------

Selective translation is a common strategy used by RNA viruses to maintain intact their protein synthesis during global translation shutoff. We will briefly describe mechanisms used by viruses to promote the selective translation of their genomes during global protein shutdown. Sequence, structure and chemical modifications present in the viral genome can determine the identity of the interacting RBPs serving as translation factors. Selective translation can therefore be achieved when vRNA shunts the lengthy and elaborate multi-step mechanisms that yield assembled and productive 80S ribosomes to gain a privileged access to the ribosome. Other strategies, such as targeting and degrading translation factors, ribosomal RNAs or messenger RNAs might also confer a selective advantage for vRNAs over endogenous ones. We will discuss mechanisms that target the translation initiation step, nevertheless it is important to note that viruses are also able to trick translation elongation or termination steps \[[@bib0665]\].

### 4.3.1. Tricking translation initiation {#sec0065}

While some positive-sense RNA viruses like flavi or coronaviruses possess a cap-structure on the 5′end of their vRNA, some others like caliciviruses or picornaviruses (e.g. Poliovirus or Rhinovirus) decorate their 5ʹend with a covalently bound viral protein, VPg. In some cases, VPg proteins linked to the 5′ end of positive-strand RNA genomes (e.g. feline calicivirus (FCV) or human norovirus) plays the role of a cap structure, recruiting ribosomes through interaction with eIF3 \[[@bib0670]\]. In fact, modifications at the 5′ end of vRNAs largely dictate the translation initiation mode that could either be cap -dependent or -independent. Coronavirus mRNAs are thought to undergo a classical cap-dependent translation initiation mechanism. A small compound that prevents the formation of the eIF4F complex, a hallmark of cap-dependent translation, by blocking the interaction between eIF4E and eIF4G is able to significantly decrease human coronavirus 229E replication and infectious virus titers \[[@bib0675]\]. To favor the translation of their vRNAs over endogenous mRNAs, Severe Acute Respiratory Syndrome Coronaviruses (SARS-CoV) non-structural protein 1 (nsp1) is able to efficiently and selectively inhibit host mRNA translation by binding 40S subunits \[[@bib0680]\] ([Fig. 3](#fig0015){ref-type="fig"}) and promote host mRNA degradation. For example, SARS-CoV-1 nsp1 protein induces template-dependent endonucleolytic cleavage of mRNAs, however viral mRNAs seem to be resistant to nsp1-induced RNA cleavage \[[@bib0685]\]. One mechanism permitting this selectivity have been shown for Middle East Respiratory Syndrome coronavirus (MERS-CoV) where nsp1 selectively target mRNAs transcribed in the nucleus and spares mRNAs of cytoplasmic origin, notably vRNAs \[[@bib0690]\].

Flaviviruses are also thought to undergo a canonical cap-dependent initiation of translation requiring both the eIF4F complex and PABP \[[@bib0695], [@bib0700], [@bib0705]\]. Interestingly, in contrast to most cellular mRNAs, flavivirus vRNA lacks a 3′ poly-A tail; however, PABP is still able to associate internally to DENV 3′UTR upstream of a conserved 3′stem-loop, PABP/3′UTR interaction mimicking the role of mRNA poly-A tail and presumably stimulating translation initiation [@bib0705]\]. Both UTR regions (5′ and 3′) in flaviviruses possesses secondary structures shown to stimulate viral translation \[[@bib0695],[@bib0710],[@bib0715]\]. Interestingly, under cellular conditions where translation factors are limiting or eIF4E is inhibited, DENV has been shown to alternate between canonical cap-dependent translation initiation and a noncanonical mechanism that does not require a functional m \[[@bib0035]\]G cap \[[@bib0720]\]. Although the mechanism by which flaviviruses undergo cap-independent translation initiation is not completely clear, it has been recently suggested that DENV and ZIKV 5′ Untranslated Regions could harbor Internal Ribosomal Entry Site (IRES) functions \[[@bib0725]\]. In fact, IRES-dependent initiation of translation is the other major mechanism used by many viruses to initiate their translation, dispensing them from cap-dependence.

IRES sequences are specialized cis-acting RNA elements present in viral 5′UTRs capable of bypassing the extensive requirement of translation initiation factors to recruit ribosomal complexes and drive protein synthesis. IRESs therefore confer a considerable competitive advantage to viral mRNAs, freeing them from host regulatory constraints and sustaining viral protein synthesis when canonical cap-dependent translation is impaired \[[@bib0595]\] ([Fig. 2](#fig0010){ref-type="fig"}). There are four known types of viral IRESs (I, II, III and IV). Although IRESs perform a similar function, there are no known universal IRES sequences. In fact, IRES elements present in the genome of different families of RNA viruses lack overall conserved features \[[@bib0730],[@bib0735]\].The classification of viral IRESs in four types stems from their structural organization, their respective dependence on sets of translation initiation factors, and whether they use scanning or instead directly recruit ribosomes to the start codon \[[@bib0740]\] ([Fig. 2](#fig0010){ref-type="fig"}). Type I and II IRESes were first discovered in picornaviruses, such as poliovirus (type I) and encephalomyocarditis virus (type II). These two IRES classes interact with eIF4G C-terminal region which binds to eIF3 and eIF4A \[[@bib0745]\]. Both require eIF5B, eIF2 and Met-tRNAi and are stimulated by the activity of eIF1, eIF1A and eIF4B \[[@bib0750]\] ([Fig. 2](#fig0010){ref-type="fig"}). Type III IRESs, exemplified those of pestiviruses and Hepatitis C Virus IRES, require even less translation initiation factors to recruit 40S ribosomes. In fact, the HCV IRES bypasses the requirement for eIF4F and the scanning step of translation initiation. HCV IRES is able to directly interact with eIF3 and the ribosomal 40S subunit, placing the start codon present in the vRNA in the ribosomal P-site \[[@bib0755]\] ([Fig. 2](#fig0010){ref-type="fig"}). Finally, type IV IRESs are amongst the most remarkable as they completely obviate the need for canonical initiation factors. These IRESs are common in the *dicistroviridae* family of viruses such as Cricket Paralysis Virus (CrPV) or Drosophila C Virus (DCV), which infect insects. These viruses contain a single positive-sense RNA genome that encodes two non-overlapping open reading frames separated by a short intergenic region (IGR). The IGR region acts as an IRES to initiate translation by recruiting 80S ribosomes in the absence of initiator tRNA~i~ ^Met^ or any canonical initiation factors, from a GCU alanine codon located in the A-site of the ribosome \[[@bib0760],[@bib0765]\] ([Fig. 2](#fig0010){ref-type="fig"}). Indeed, the IGR RNA structure mimics a tRNA, thus tricking the ribosome into translation initiation without the need of the eIF2--GTP--Met--tRNA complex.

### 4.3.2. Viral targeting of cellular mRNA translation {#sec0070}

Using shortcuts for a privileged access to the translation machinery by tricking the ribosome is not the only strategy RNA viruses employ to selectively favor the synthesis of viral proteins. Another effective tactic is targeting and inhibiting the translation of cellular mRNAs, which frees up a large pool of ribosomes, making them readily available for vRNA translation. This is generally achieved by targeting host RBPs, specifically translation initiation factors or ribosomal proteins.

Viruses that use IRES-dependent translation for example, actively provoke the shut-off of host cap-dependent translation initiation, by targeting specific initiation factors. For instance, enteroviruses including Rhino and Polioviruses, encode proteases that cleave eIF4G, impeding the formation of the eIF4F complex and therefore cap-dependent host mRNA translation \[[@bib0770]\] ([Fig. 3](#fig0015){ref-type="fig"}). Other picornaviruses, such as EMCV suppresses cap-dependent translation by activating the translational repressor 4EBP1 \[[@bib0775]\]. Hypophosphorylated 4EBP1 binds eIF4E preventing, eIF4E-eIF4G interaction, thus eIF4F assembly. In fact, 4EBP hypophosphorylation is a strategy common to many viruses to inhibit host mRNA translation (e.g., CrPV, VSV) \[[@bib0780], [@bib0785], [@bib0790]\] ([Fig. 3](#fig0015){ref-type="fig"}). Targeting eIF4F-associated PABP proteins is also used by some viruses to influence host translation. For example, Rotavirus Nsp3 interacts with eIF4G and displaces PABP, therefore inhibiting host translation \[[@bib0795]\]. Likewise, enterovirus and calicivirus proteases cleave PABP, and the rubella virus capsid protein binds PABP to suppress cellular mRNA translation \[[@bib0595],[@bib0770],[@bib0795]\]. Other translation initiation factors like eIF3 can also be targeted by viral proteins. eIF3‑binding proteins from measles and rabies viruses inhibit host protein synthesis \[[@bib0800],[@bib0805]\], whereas foot-and-mouth disease virus protease degrades eIF3a and eIF3b subunits \[[@bib0810],[@bib0595]\]. Also, the coronavirus spike protein has been shown to interact with eIF3f influencing translational control \[[@bib0815]\] ([Fig. 3](#fig0015){ref-type="fig"}). Although initiation factors are the privileged target of viral proteins to shut-off host mRNA translation, some examples of viruses targeting translation elongation factors are also reported. For instance, it has been shown that EF1A and eEF2 are respectively inactivated by SARS-CoV-1 N protein and avian reovirus p17 \[[@bib0820],[@bib0825]\]. In many of these examples, how vRNA translation is able to proceed upon inactivation of these essential initiation or elongation factors remains unclear.

Viral RBPs can directly target the ribosome to promote translation of their genomes and viral RNA may also directly interact with ribosomal proteins to preferentially translate their genomes. DENV NS1 protein interacts with RPL18 to promote viral protein synthesis \[[@bib0830]\]. Conversely, vRNA can rely on specific nonessential ribosomal proteins, dispensable for translating most host mRNAs. Moloney leukemia virus and SINV stop codon readthrough and frameshifting efficiency, have been shown to depend on RPL4 \[[@bib0835]\]. VSV cap-dependent mRNA translation have been shown to be affected by RPL40 presence \[[@bib0840]\] ([Fig. 3](#fig0015){ref-type="fig"}). Also, some IRES functions, like those found in polio, HCV or *dicistroviridae*, have been shown to be regulated by small ribosomal proteins such as RACK1 and RPS25 \[[@bib0845], [@bib0850], [@bib0855], [@bib0860], [@bib0865]\] ([Fig. 3](#fig0015){ref-type="fig"}). Interestingly, RACK1 seem to be a privileged target of Poxviruses to promote selective translation of viral mRNAs \[[@bib0870]\]. Finally, RBPs that are not necessary translation factors or ribosomal can also positively influence viral translation. For example, Pelo has been shown to be a host factor needed for efficient translation of viral capsids of Drosophila C Virus (DCV) \[[@bib0875]\]. Vigilin and RRBP1, two Endoplasmic Reticulum localized RBPs have been shown to bind DENV and ZIKV vRNAs, promoting their translation, stability and replication \[[@bib0880]\].

5. Technology guiding discovery; the case of RBP-vRNA interactions {#sec0075}
==================================================================

5.1. From classical genetics to structural biology {#sec0080}
--------------------------------------------------

During the last decades, our knowledge of the intricate interactions of cellular RBPs with vRNAs have been a direct result of technical advances in modern molecular biology. When it comes to the study of RBPs that are viral sensors or antiviral effectors, many major discoveries in how TLRs, RLRs, Dicer or other RBPs recognize and/or antagonize vRNA, were made thanks to *in vivo* genetic screening technologies and innovations \[[@bib0885]\]. Both, hypothesis-driven reverse genetics approaches, and forward genetic techniques have been able to yield susceptibility or resistance phenotypes, revealing genes with unanticipated and important roles in recognizing and/or targeting vRNAs. The involvement of TLR 3, 9, MDA5 and RIG-I in the innate antiviral response wouldn't have been possible without *in vivo* genetic manipulation and screening of mouse models \[[@bib0890], [@bib0895], [@bib0900]\]. Another classical example where genetics played a fundamental role in discovering important antiviral host RBPs, is the study of the RNAi pathway components. Argonaute and Dicer proteins' involvement in antiviral defenses across several animal and plant species was only possible thanks to genetic manipulation and screening techniques in model organisms \[[@bib0425],[@bib0905], [@bib0910], [@bib0915]\]. Importantly, biochemical and structural biology approaches including X-Ray crystallography and cryo-electron microscopy (Cryo-EM) guided these discoveries and were able to determine structurally how sensor and effector RBPs interact with vRNA \[[@bib0920], [@bib0925], [@bib0930], [@bib0935], [@bib0940]\].

Likewise, recent technical innovations and improvements in RNA isolation, manipulation and sequencing have enabled detection of new RNA species and RNA chemical modifications (e.g. m^6^A, 2′-O-me) in vRNAs, revealing an underappreciated role of these species and modifications in viral lifecycles \[[@bib0480],[@bib0945],[@bib0950]\]. Thus, the use of oxidative treatment on the RNA prior to its sequencing helped to unravel the existence of 2′-O-methylated viral small RNAs species that accumulate during SINV infection \[[@bib0955]\]. More recently, the use of single cell RNA sequencing allowed to determine at an unprecedented resolution the accumulation of viral transcripts in a dynamic manner \[[@bib0960]\]. While this has so far been used to study DNA viruses' transcription, it might also prove useful to study replication of RNA viruses. We are still lacking a global picture of RNA modifications that are present in viral RNAs, and more importantly, we need to determine their exact contribution to the infectious cycle. To this end, it is crucial to develop and validate good antibodies targeting modified ribonucleotides, or to turn to emerging sequencing technologies, such as the Oxford Nanopore one, that allows direct RNA sequencing. This strategy has recently allowed the direct detection of m^6^A by sequencing of cellular RNAs \[[@bib0965],[@bib0970]\].

Similarly, the last decades of research brought very detailed insights into how vRNAs co-opt host ribosomes. This is partly due to the history of research in the mRNA translation field. The ribosome being the most conserved and largest known RNP complex in living organisms, deciphering mRNA translation has been an endeavor pursued since the birth of modern molecular biology \[[@bib0975]\]. Important knowledge in our understanding of mRNA translation were made in the past thanks to technical innovations and improvements. For example, *in vitro* translation systems, reconstituted from rabbit reticulocytes, were instrumental to understand many aspects of endogenous mRNA translational control \[[@bib0975]\]. Interestingly, thanks to such *in vitro* systems, we know since the 1970′s the inhibitory role of viral dsRNA or eIF2 phosphorylation on translation initiation \[[@bib0980],[@bib0985]\]. *in vitro* translation systems coupled to reporter assays were also crucial later on to decipher the different mechanisms by which IRES-dependent translation proceeds \[[@bib0250],[@bib0760],[@bib0990]\]. More recently, cryo-EM approaches were able to paint a more detailed picture of how different IRESes can interact and co-opt host ribosomes \[[@bib0750],[@bib0995],[@bib1000]\]. The rapid development and improvement of cryo-EM techniques is expected to generate further knowledge, surpassing IRES-Ribosome interactions. Indeed, cryo-EM techniques have been lately used to unravel the structural basis of flaviviral sfRNA production for example \[[@bib0315]\]. Most recently, cryo-EM structures of SARS-Cov2 Nsp1 with human 40S ribosomal subunit revealed that Nsp1 C-terminus binds to and obstructs the mRNA entry tunnel, explaining how this protein is able to shutdown endogenous mRNA translation \[[@bib1005]\]. Another very recent cryo-EM study was able to identify residues of Nsp1 crucial for mediating translation inhibition \[[@bib1010]\]. In the future, these approaches promise to aid structure-based drug design not only against SARS-CoV2 but also other emerging RNA viruses \[[@bib1005]\]. It is finally important to note that other novel and innovative techniques developed to study translation such as single-molecule approaches \[[@bib1015]\] or ribosome profiling by deep sequencing \[[@bib1020]\] are revealing the complexity of vRNA interaction with host ribosomes. For instance, single-molecule studies of IRES-mediated translation have revealed insights into the dynamics of HCV and CrPV IRES interaction with ribosomes and clarified decades of biochemical research, providing an outline of the conformational and compositional trajectory of the ribosome during initiation \[[@bib0755]\]. Likewise, ribosome profiling revealed strategies that some RNA viruses use to induce Programmed Ribosomal Frameshifting (PRF) that would have not been discovered otherwise. Frameshifting events are 'programmed' because they occur at specific sequences, stimulated by cis-acting elements generally present in the vRNA at rates that are orders of magnitude more frequent than nonprogrammed events \[[@bib1025]\]. Cardioviruses such as EMCV and its relative Theiler's murine encephalomyelitis virus (TMEV) induce PRF but are atypical due to the absence of an appropriately positioned stimulatory RNA structure in their genomes and a failure to reconstitute PRF in vitro, outside of the context of virus infection. Remarkably, thanks to ribosome profiling, a recent study shows that EMCV frameshifting is trans-activated by viral protein 2A. As a result, the frameshifting efficiency increases from 0 to 70 % (one of the highest known in a mammalian system) over the course of infection, temporally regulating the expression levels of the viral structural and enzymatic proteins \[[@bib1030]\]. In the future, ribosome profiling techniques are expected to reveal more secrets of vRNA translation, especially for viruses that annexes organelles like the ER to complete their translation \[[@bib1035]\].

5.2. New frontiers in RBP-vRNA discovery {#sec0085}
----------------------------------------

Each time a technological leap is achieved the scope of what we know about vRNAs interaction with cellular RBPs has expanded. Two global strategies have been used to study vRNA-RBP interactions; protein-centric or RNA-centric methods. Protein-centric methods start with a known RBP of interest and characterize its interaction with RNA. These approaches involve UV-crosslinking followed by antibody purification of the RBP of interest and identification of bound RNAs, often by deep sequencing, broadly termed HITS-CLIP (cross-linking immunoprecipitation followed by high-throughput sequencing) \[[@bib1040]\]. These methods have been used in the past in the context of viral infections to characterize the RNA species that bind either known host RBPs \[[@bib0880],[@bib1045], [@bib1050], [@bib1055]\] or of viral proteins \[[@bib1060],[@bib1065]\]. We will not focus further on these methods here but readers can refer to excellent reviews on the subject in the context of viral infections \[[@bib1070], [@bib1075], [@bib1080]\].

RNA-centric approaches are more recent and focus on purifying an RNA of interest to identify its associated proteins. A large number of the so-called "unconventional RBPs" have been identified as associated to RNAs thanks to these RNA-centric approaches. For example, RNA interactome capture (RNA-IC), have largely expanded the repertoire of known RBPs \[[@bib1085]\]. RNA-IC entails ultraviolet crosslinking of RBPs to RNA in live cells, followed by collective capture of RNPs with polyadenylated (poly(A)) RNA on oligo(dT) beads and identification of proteins by quantitative mass spectrometry (Q-MS) \[[@bib1085],[@bib1090]\]. These methods discovered new RBPs that generally lack canonical RNA-binding domains and are conserved across species, suggesting the existence of previously unidentified modes of RNA binding and new biological functions for protein--RNA interactions \[[@bib1085]\]. This method was applied to study cellular RNA-interactome during SINV infection and was able to identify over 200 RBPs that interacted differentially with host RNA upon viral infection, amongst which, RNAs encoding proviral and restriction factors \[[@bib1095]\]. Although RNA-IC is able to identify RBPs that directly interact with RNAs, one limitation of this method is its reliance on oligo(dT) to pull-down poly(A) containing RNAs. Another novel method, Comprehensive Identification of RNA binding Proteins-Mass Spectrometry" (ChIRP-MS), addresses this limitation by using 20-mer oligonucleotide probes complimentary to the RNA of interest. ChIRP-MS uses formaldehyde (FA) cross-linking prior to pull-down with biotinylated probes, able to hybridize with an RNA of interest. Unlike UV-crosslinking, the use of FA for crosslinking doesn't only identify direct RNA binders but also their associated protein complexes. Cross-linked RNP complexes are then captured with streptavidin beads prior to proteomic analysis \[[@bib1100]\]. Originally developed to identify RBPs associated with long non-coding RNAs (lncRNAs) \[[@bib1105]\], ChIRP-MS was recently applied to identify RBPs associated with DENV and ZIKV vRNAs \[[@bib0880]\]. ChIRP-MS identified viral non-structural proteins NS3 and NS5 as highly enriched with DENV and ZIKV vRNA. Furthermore, this method identified 464 high confidence hits from the human proteome that were specifically and reproducibly associated with the DENV or ZIKV vRNA \[[@bib1110]\]. Many of those proteins were localized to the ER, in line with the known biology of flaviviral RNA, being translated and replicated at specific ER sites \[[@bib1115]\]. Importantly, when viral infection is difficult to synchronize, ChIRP-MS is unable to differentiate at which step in the viral lifecycle vRNA-RBPs associations occur (e.g. entry, translation, replication, assembly). A recent approach addresses partly this limitation and is able to capture interactions with just the pre-replicated viral RNA genome \[[@bib1120]\]. Viral cross-linking and solid-phase purification (VIR-CLASP) relies on infection of unlabeled host cells with 4-thiouridine (4SU)-labeled viral genomes \[[@bib1120]\]. Irradiation of infected cells with 365 nm light generates covalent cross-links between 4SU-labeled viral genomes and interacting host or viral proteins. Solid-phase capture of these complexes with Solid-phase reversible immobilization (SPRI) beads leads to purification of total RNA but only proteins covalently crosslinked to the 4SU-labeled viral RNA. This purification precedes (LC--MS/MS) identification of the crosslinked proteins \[[@bib1120]\]. Using VIR-CLASP, the study identifies early interactomes of different viral genomes (e.g. CHIKV, IAV, ZIKV, VSV). The authors of the study find that incoming CHIKV vRNA binds both proviral and antiviral factors. While on one hand, CHIKV incoming vRNA hijacks the lipid-modifying enzyme fatty acid synthase (FASN) for pro-viral activity, it is on the other hand N6-methyladenosine modified, binding to YTHDF1 which suppresses its replication \[[@bib1120]\].

The aforementioned RNA-centric methods (RNA-IC, ChIRP-MS, VIR-CLASP) all use crosslinking (UV or FA) to identify in vivo interactions by purifying the RNA under denaturing conditions that remove noncovalent interactions, and subsequently extracting only the cross-linked proteins for identification \[[@bib1125]\]. Other approaches, that do not require crosslinking of RNPs, use proximity proteomics to identify RBP-RNA interactions in live cells. These approaches rely on 'promiscuous' biotin ligases that are able to label preferentially proteins that are within 20 nm of distance with biotin \[[@bib1130],[@bib1135]\]. Originally developed to identify protein-protein interactions, this approach was recently adapted to identify RNA-RBPs interactions. The RNA-protein interaction detection (RaPID) method allows to use this spatial detection constraint to detect RBPs bound to RNA by tagging an RNA of interest with a BoxB aptamer to recruit a fusion protein of λ-N and a promiscuous biotin ligase \[[@bib1140],[@bib1125]\]. The biotin sprayer binds the BoxB motif through its λ-N domain and labels proteins proximal to its bound RNA \[[@bib1125]\]. RaPID-MS was successfully used to identify RBPs that bind ZIKV UTR sequences. Interestingly, the identified RBPs show enriched expression in neural tissue, which is in line with the neurotropic nature of ZIKV \[[@bib1140]\]. RaPID pointed to a known RNA-binding protein, QKI, that is highly expressed in neural progenitor cells (NPCs) and whose depletion reduces ZIKV RNA levels by 90 % \[[@bib1140]\]. Importantly, because these RNA-centric methods rely on RNA sequence specificity they can be transposed and applied to identify RBPs associated with virtually any RNA virus. After these proof-of-principle studies, all of these novel RNA-centric approaches are expected to yield important fundamental knowledge about vRNA interactions with host RBPs, if applied to emerging or re-emerging RNA viruses with epidemic potential such as Ebola or SARS-Cov2 \[[@bib1145],[@bib1150]\].

6. Conclusion and outlook {#sec0090}
=========================

RNA-protein interactions are central to most cellular processes. It is thus not surprising that RNA viruses and cellular genes evolved intricate vRNA-RBP interactions that determine many aspects of the viral life cycle \[[@bib0020]\]. From the host cell perspective, the affinity of its RBPs to the invading vRNA, could be a double-edged sword. Many cellular genes have evolved to specifically recognize and/or target vRNAs and alert the immune system to mobilize cellular defenses. This is illustrated by the relative conservation of many vRNA sensors and anti-vRNA effectors across species, such as components of the RNAi pathway or vRNA sensors like RLRs and TLRs \[[@bib0060]\]. Likewise, many viral genes and RNA structures have specifically evolved to co-opt fundamental host cell machineries, without which the virus in unable to replicate. This is exemplified by the convergent evolution of many RNA elements in the viral genomes, with roles in hijacking ribosomes and the cellular machinery in general \[[@bib0665]\]. In fact, structured RNA elements, such as IRESs are shared amongst viruses from very different families, ranging from plant to animal viruses \[[@bib0665],[@bib0740],[@bib1155]\]. Also, viral enzymes that can interfere with endogenous mRNA lifecycles favoring vRNAs translation, are also found across a wide range of viral families \[[@bib0595],[@bib0780]\].

During the last decades, since the rise of modern molecular biology we are witnessing a remarkable and accelerated development of tools and technologies that are enabling to delve deeper into fundamental cellular mechanisms. As mentioned in this review, each time a technical innovation emerged, our understanding of vRNA-RBP interactions expanded. For example, proteins identified by the novel aforementioned RNA-centric methods (e.g. ChIRP-MS, VIR-CLASP, RNA-IC) are highly enriched with classical RBPs as expected. However, hundreds of "unorthodox" RBPs have also been found to bind vRNAs \[[@bib1095],[@bib1110]\]. Some of those unorthodox' RBPs have already known cellular functions and weren't expected to have an influence on viral lifecycles by binding vRNAs. For example, cellular transport motors like dyneins have been shown to have an RNA binding activity that might be responsible of RNAs trafficking, uncoating, reverse transcription and in some cases viral replication factory assembly \[[@bib1160]\]. Another eloquent example comes from the interaction of ER-resident multimolecular complexes, such as Sec61 translocon complex or the Oligosaccharyltransferase (OST) complex, with the lifecycle of flaviviruses \[[@bib0015],[@bib1165]\]. Although these complexes have known and established roles in protein translocation and glycosylation in the ER, new unexpected RNA-related functions of these complexes are just emerging \[[@bib1170]\]. For example, flavivirus vRNAs that are translated and replicate in close proximity to ER membranes, seem to require "non-canonical" functions of the OST complex \[[@bib0015]\]. This might involve tethering viral RNA genomes to the ER for efficient translation and replication \[[@bib0880],[@bib1035],[@bib1160],[@bib1170]\].

Future work will clarify which unconventional RBPs are truly important for the viral infectious cycle. In the meantime, these system-wide approaches are uncovering new host RBPs with unexpected new roles during viral lifecycles. Understanding mechanistically the relevance of these newly discovered interactions is crucial in the future. Alongside careful and rigorous biochemistry, this can be tackled with new complimentary cutting-edge methods (e.g. CLIP-seq, ribosome profiling) \[[@bib1020],[@bib1030],[@bib1050],[@bib1110]\] to determine the footprints of RBPs on viral and host RNAs. Other new approaches to visualize, track, target or detect RNAs (e.g. CRISPR-Cas13), if applied to vRNAs, will clarify the role of the newly discovered host RBP-vRNA interactions \[[@bib1175], [@bib1180], [@bib1185]\]. Finally, there are many reasons to look at the future of the field with optimism. Indeed, continuing to dissect the intimate relationship between vRNAs and host RBPs with new tools, is expected to both expand our fundamental understanding of virology and cell biology, and to guide the development of much needed novel antiviral approaches.
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[^1]: Ebola virus, EBOV; Nipah virus, NiP; Newcastle disease virus, NDV; Hepatitis C virus, HCV; Influenza A virus, IAV; Encephalomyocarditis virus, EMCV; Vesicular stomatitis virus, VSV; Dengue virus, DENV; West Nile virus, WNV; Zika virus, ZIKV; Coxsackievirus B3, CVB3; Murine coronavirus mouse hepatitis virus, MHV; Nodamura virus, NoV ; Human enterovirus 71, HEV71. human coronavirus, HcoV ; Japanese Encephalitis virus, JEV ; Venezuelan Equine Encephalitis virus, VEEV ; Sindbis Virus, SINV ; Yellow Fever Vius, YFV ; human metapneumovirus (HMPV).
